Abstract. Airborne measurements of the emissions of gases and particles from 19 individual forest, cerrado, and pasture fires in Brazil were obtained during the Smoke, Clouds, and Radiation-Brazil (SCAR-B) study in August-September 1995. Emission factors were determined for a number of major and minor gaseous and particulate species, including carbon dioxide, carbon monoxide, sulfur dioxide, nitrogen oxides, methane, nonmethane hydrocarbons, halocarbons, particulate (black and organic) carbon, and particulate ionic species. The magnitude of the emission factors for gaseous species were determined primarily by the relative amounts of flaming and smoldering combustion, rather than differences in vegetation type. Hydrocarbons and halocarbons were well correlated with CO, which is indicative of emissions primarily associated with smoldering combustion. Although there was large variability between fries, higher emission factors for SO 2 and NO x were associated with an increased ratio of flaming to smoldering combustion; this could be due to variations in the amounts of sulfur and nitrogen in the fuels. Emission factors for particles were not so clearly associated with smoldering combustion as those for hydrocarbons. The emission factors measured in this study are similar to those measured previously in Brazil and Africa. However, particle emission factors from fires in Brazil appear to be roughly 20 to 40% lower than those from North American boreal forest fires.
concentrations measured in the bag by the continuous analyzers. This provided data that were comparable to the particle species measured in the grab bag. Background samples were obtained just upwind of the fires and subtracted from the concentrations measured in the smoke samples. From these measurements of all the major carbon-containing species in a smoke sample (CO, CO 2, CH 4, NMHCs, black carbon, and organic aerosol), emission factors for all of the measured species could be calculated.
Gas Measurement Techniques
Gaseous species routinely measured aboard the UW C-131A aircraft included CO 2, CO, NO x, NO, and SO 2. Continuous measurements were made of these species using the following methodologies: NO and SO 2 concentrations could only be obtained reliably by switching the inlet to the gas monitors over to grab-bag samples. In this study all of the continuous gas instruments had signal-to-noise ratios of the order of 10:1 to 100:1.
The whole air samples collected in the stainless steel canisters were sent to the University of California, Irvine, and analyzed by gas chromatography using a flame ionization detector (FID) [Blake et al., 1996] . For each sample, concentrations of CO 2, CO, CH 4, and hydrocarbons (C<11) were measured. Typically, about 21 NMHC species were identified which accounted for more than 70% of the total mass of volatile organic carbon (VOC) measured in a sample. An additional 30-50 small unidentified peaks (probably mostly NMHC but also containing some oxygenated species and other short-lived organic compounds) were also usually measured. To derive an accurate total organic carbon vapor concentration for inclusion in the carbon budget, the total carbon in VOC was determined by integrating the area of all peaks between the C-2 and the C-11 region and dividing this area by the methane response factor. Measurement precisions for alkanes, alkenes, alkynes was 2% or 8 ppt, whichever was larger.
Concentrations of five halocarbons were determined from the canister samples using gas chromatography with an electron capture detector. These were CH3C1, CHC13, CH3I, CH3Br, and CHBr 3, which were measured at precisions of 1.2, 12, 12, 8, and 12%, respectively.
Particle Measurement Techniques
Particles were collected on both quartz and Teflon filters. The Teflon filters were gravimetrically analyzed in a humidity controlled chamber (RH = 35%) to determine the ambient aerosol dry mass concentration. From control and field blank filters, we estimate that the uncertainty in the mass concentrations measured with these filters was less than +6 32,109 gg. By comparison, the typical filter loading for smoke samples was always greater than 100 gg.
After gravimetric analysis the Teflon filters were extracted in deionized water and analyzed by standard ion chromatography (IC) techniques. This analysis yielded the following ions: Ca 2+, CI-, K +, Mg 2+, Na +, NH,•, NO•, NO•, PO•, SO•, and C20•(oxalate ). Ca 2+, Na +, r +, SO•, and C20 • were determined to have an uncertainty of +3% or better and were always more than five standard deviations above the detectable limits. All other species were measured to have an uncertainty +10% or better.
Aerosol samples collected on the quartz filters were used to determine the atmospheric particulate carbon concentration by thermal analysis [Cachier et al., 1989] . Filters were subjected to HC1 vapors for 24 hours to remove any carbonate. The total carbon (TC) content of the sample was determined though coulometric titration. The black carbon (BC) content of the aerosol was determined through coulometric titration after the sample was thermally pretreated at 340øC for 2 hours to remove any organic carbon (OC Emission factors for gases and particles were calculated from the carbon balance method [Ward et al., 1982; Radke et al., 1988] . The underlying premise of this method is that all of the carbon combusted in a fire and released to the atmosphere is emitted into the smoke plume in five forms of carbon (CO 2, CO, CH 4, nonmethane hydrocarbons (NMHCs), and particulate carbon (PC)). The emission factor of a species X is calculated from the ratio of the mass concentration of that species to the total carbon concentration emitted in the plume: Sampling of smoke from individual fires for the purpose of determining emission factors was generally done at an altitude of about 500 m above the fires. Since visibility was usually poor (<4 km) in the boundary layer, we were able to detect and obtain measurements only on the larger fires that had a visible plume extending above the low-level haze layer. The measurements obtained yielded emission factors on 24 samples from 19 individual forest, cerrado, and grass fires. For some of the forest fires, we were able to sample both the flaming and the smoldering phases of the same fire.
Six Table  1 for cerrado, grass, and forest-flaming and forest-smoldering fuels. For flaming combustion, CO 2 accounted for 90% of the carbon released to the atmosphere, followed by 5% in the form of CO. The remaining 5% was roughly equally partitioned between hydrocarbon and particulate carbon species. There is a statistically significant increase in the emission factors of methane from the flaming combustion of forest fires compared to cerrado and grass fires. As the forest fires evolved from flaming to smoldering combustion, there was a very large shift in the carbon budget into incomplete products of combustion (such as CO, NMHC, and particulate carbon).
Gas Emission Factors
In general, the emission of hydrocarbons is associated with smoldering combustion (i.e., oxygen-starved, inefficient 6onsumption of the fuel). Typically, the concentration of total NMHC was better correlated with CO ( Figure Excess CO e (ppmv) Particle emission factors were not so clearly associated with smoldering combustion as the hydrocarbons. Figure 6 shows the particle mass emission factor as a function of combustion efficiency; although there is a weak correlation, it seems that the production of particulate matter in smoke is a complex process not readily predicted by knowledge of the phase of the fire. Black carbon (Figure 7 ) was essentially independent of the combustion efficiency and varied in what appears to be a random manner from fire to fire. Overall, BC comprised about 5-9% of the emitted particle mass. A summary of the particle emission factors and elemental compositions is given in Table 3 . Cerrado fires had the lowest particle emission factors of any fuel type or combustion efficiency (10 g/kg C burned). Grass and flaming forest fires had similar particle emission factors (16 g/kg C burned). Smoldering forest fires had the highest particle emission factor (27 g/kg C burned).
Particle emission factors for forest fires varied widely, as is evident in the large standard deviations associated with the data (Table 3 ). A regression of particle emission factors for forest fires against the MCE shows that unlike hydrocarbons, particle production is not strictly associated with smoldering combustion (Figure 6 ). While the particle emission factor shows a statistically significant (at the 95% confidence level) increase with decreasing MCE, the correlation is low (r2= 0.18) and is strongly dependent on one data point (at MCE = 0.98).
As discussed by Reid and Hobbs [this issue], particle properties are influenced by two principle processes: condensation and coagulation of high temperature products in the flame zone during flaming combustion and condensation of low-volatility organics during low temperature, smoldering combustion. Thus the particle formation mechanisms for purely flaming and purely smoldering combustion are quite different. This difference is illustrated in Figure 8 , where the emission ratio of particles to CO is plotted as a function of the MCE for smoke from forest fires.
Here we f'md that the emission ratio increases with increasing MCE. This trend is identical to that found by Ward et al. [1991] for North American forest fires, where it was shown that during flaming combustion particles are formed by a mechanism distinctly different from that which produces CO. In view of the small range of values of the MCE observed in this study, it is not surprising that the correlation between the particle emission factor and the M CE is poor. Even though the correlation between the particle emission factor and the MCE is poor, the correlation between the particulate mass concentration and the CO is fairly good (Figure 9 ). In this case, we have plotted the particle concentration versus CO for all our data. Two possible regression lines can be drawn depending on whether or not the outlying data point (at a CO concentration of 17 ppm) is included. For all the data, the regression yields a slope of 156 gg ppm -1. However, if the outlying data point is discarded, the regression slope drops to 80 gg ppm -1.
It is likely that the 80 g g ppm -1 slope is a more representative emission ratio for typical fires in Brazil. This is similar to the value of 82 gg ppm 'l found by Anderson et al. resembled a full fire storm with very vigorous flaming and strong surface winds. Under such circumstances, particles would have been produced entirely by the high temperature condensation process, and any CO was probably produced by oxygen deprivation in the interior of the fire rather than by low-temperature smoldering processes.
Particle Composition
Carbon species accounted for 60 to 70% of the mass of all particle emissions. Despite wide variations in the emission factors of OC and BC by fuel type and combustion efficiency, their mass fraction in the aerosol was remarkably stable. For all flaming fires (cerrado, grass, and forest), the black carbon content of the emitted aerosols was roughly constant at 7.8%. Similarly, their organic carbon content was roughly constant at 59%. This yields an organic to black carbon ratio of 8:1.
Aerosols from smoldering fires had higher organic carbon (and lower black carbon) contents, resulting in an organic-to-black carbon ratio for smoldering combustion of 12to 1. As discussed above, particle production in smoldering combustion occurs at lower temperatures than flaming combustion, and it is dominated by low-temperature condensation processes. Thus the mass fraction of organic carbon should go up with decreasing MCE. The ion chromatography analysis was able to speciate only another 6 to 8% of the total aerosol mass. This mass was mostly composed of potassium (3-5%), chloride (1-3%), and sulfate (1-3%). Thus we were unable to speciate about 20% of the aerosol mass; this remainder is classified as "residue" in Table 3 . It is likely that this residue mass was composed primarily of hydrogen, oxygen, and nitrogen, which are 
Particles
The particle emission factors and compositions reported here compare fairly well to measurements from previous studies. Previously, the most comprehensive study of particle emissions from fires in Brazil was the BASE-B experiment [Ward et al., 1992] . Assuming the wood fuel was 50% carbon by mass, the average emission factors for cerrado and smoldering forest from Ward et al. is 9 g/kg C burned. This is nearly identical to the value determined in this study. from these fires are similar to those given in this paper. Also, as for the SCAR-B measurements, the correlation between the particle emission factor and the MCE was poor in the BASE-B study. However, the emission factor for particles produced by smoldering combustion reported by Ward et al. is only 17 g/kg C burned, compared to our value of 27 g/kg C burned. This large difference cannot be accounted for by differences in the measured particle cut points. The difference could be a result of the process and the temperature at which high molecular weight organic vapors released from smoldering combustion condense onto particles. Ward et al. 
